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ABSTRACT

Protons interact in a cellular environment producing a large spectrum of δ-electrons, many
with energies of less than 10 keV. Low energy δ-electrons have high-LET and as such are
extremely biologically effective, causing cell kill through interactions with DNA and the
surrounding molecules.

Studies have shown that a magnetic field can affect the path of secondary electrons with
energies down to 1 keV. Thus, a magnetic field may also influence the nanoscopic spatial
distribution of δ-electrons. Multiple ionisations occurring in close proximity on a DNA
scale increase the chance of biological damage for an absorbed dose. Spatial redistribution
of δ-electron tracks from a magnetic field may increase local clustering of DNA damage
and result in an enhanced biological effect.

Previous studies have found a magnetic field to enhance the biological effects of radiation.
Further investigation into these effects is relevant for consideration in MRI-guided
radiotherapy and also as a possible means of increasing the therapeutic ratio in
radiotherapy techniques.

Geant4 Monte Carlo was used to study the nanoscopic spatial distribution of δ-electron
tracks produced from proton irradiation to determine whether a magnetic field will cause
an increase in clustered damage on a DNA scale.

This study found no evidence that a transverse magnetic field applied during proton
irradiation causes spatial redistribution of δ-electron tracks as measurable by a change
xi

nanoscopic cluster size. From this study we can infer that the experimentally observed
enhancement of radiobiological effectiveness produced by a magnetic field is due to a
reason other than the spatial redistribution of delta-electrons.

xii

CHAPTER I

1

Introduction

Current statistics suggest that one in three people will have to battle cancer at some point
in their life [1]. There is a continuous effort to improve the treatment techniques to reduce
the detriment that this disease has on the human population. Radiotherapy is an efficient
and widely used modality for the treatment of cancer.

The fundamental basis of

radiotherapy is to deliver a lethal radiation dose to the tumour whilst limiting the dose to
normal tissue. In order to effectively treat cancer it is imperative that we understand the
mechanisms of radiation action on human cells and tissue.

Traditionally radiation dose is measured and defined on a macroscopic level described by
energy deposited within a volume of a given mass. This concept is not adequate when
studying microscopic entities such as cellular structures and Deoxyribonucleic Acid
(DNA). A macroscopic dose quantity does not consider the spatial distribution of damage
to DNA and consequently does not provide a sufficient indication of the biological effects
of radiation on a microscopic or nanoscopic level.

Secondary electrons are the main source of radiation damage following both X-ray and
charged particle radiation and as such knowledge of electron interactions with biological
matter is essential to understanding its damaging effects. The interaction and transport
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characteristics of radiation in biological matter is an area of expanding scope, however,
despite all research efforts there still remain many questions in radiobiology and the
mechanisms of cancer induction.

Theoretical modelling attempts to relate the physical properties of different radiation
qualities to the observed biological responses to assess their implications in radiotherapy.
Theoretical models based on fundamental physical and chemical principles, complement
experimental investigation and play a significant role in developing an understanding for
the mechanisms of biological damage. Theoretical models have proven useful in
predictions of biological phenomena, including understanding the differences between low
and high linear energy transfer (LET) radiations, and predictions on the spectrum of
damage to DNA.

It is now well established that the efficiency of producing biological damage varies with
the quality of the radiation. Radiation deposits energy within a cell causing excitations and
ionisations along its track. Damage to cellular DNA can be caused directly from these
ionisations and or from free radicals produced when the radiation interacts with water
molecules. The biological consequences of the damage ultimately depend on how it is
repaired by the cell. Some damage is more difficult for the cell to repair and can
potentially lead to mutations or cell lethality.

It is known that when multiple ionisations occur in close proximity on a DNA scale, the
chance of biological damage for an absorbed dose is increased [2, 3]. Local clustering of
damage resulting from the spatial distribution of energy deposition within the electron
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track is responsible for irreparable damage, and therefore an important factor in
determining biological response.

Recently with the emerging MRI-guided radiation therapy, there has been considerable
interest on the influence of magnetic fields on the distribution of radiation dose within
patients. Nettelbeck et al [4] published that the presence of a magnetic field affects the
spatial distribution of the secondary electrons with energies down to 1 keV; despite their
mean free paths being much less than their radius of curvature.

The mechanism of radiobiological damage to cells due to a magnetic field is postulated to
be due to a complex combination of effects. These include direct interaction between the
magnetic field and the charged particle trajectory, as well as indirect effects through
physical, chemical and biological modifications on the molecular environment resulting in
a change of cellular processes. Further research is needed into these areas.

This thesis investigated the direct effects of a magnetic field on low-energy δ-electron
tracks produced from incident proton irradiation in terms of the ionisation cluster size on a
DNA level.

Protons interact in a cellular environment producing a large spectrum of δ-electrons
localised around their tracks. Many of these δ-electrons have energy less than 10 keV.
These low energy δ-electrons have high-LET and as such are extremely biologically
effective causing cell kill through interactions with DNA.
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It is possible for a magnetic field to influence the nanoscopic spatial distribution of
secondary electrons leading to subsequent energy deposition events occurring within a
closer proximity in a nanoscopic volume. Spatial redistribution of δ-electron tracks may
result in an increase in the complexity of DNA damage. Complex damage will
consequently compromise DNA repair fidelity and result in an enhanced biological effect.

Investigation into this effect is relevant as a means of increasing the therapeutic ratio in
radiotherapy techniques. With the use of MRI-guided radiotherapy it is also important to
understand the influence a magnetic field will have on a nanometric level in order to relate
this to biological effects.

Nanodosimetry provides a means for determining the distribution of radiation dose on a
DNA level. Experimental nanodosimetry is difficult and limited. Many researchers have
looked to analytical computer models such as statistical modelling (Monte Carlo) to learn
more about dose deposition on the nanoscopic level and provide answers to many
questions in radiobiology.

An ideal Monte Carlo (MC) based simulation for nanodosimetry needs to simulate dose
deposition tracks of all primary and secondary radiation products on a nanometre scale.
The simulations are based on sophisticated models of DNA and on cross sectional data sets
for water vapour or liquid water. Nanoscopic MC models involve the tracking of
secondary particles down to energies of 10-100 electron Volts (eV). These low energies are
comparable with the electronic binding energies of the target atom which makes accurate
modelling a challenge due to the difficulty in measuring physics cross sectional data for
these interactions.
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In this thesis the effect of a magnetic field on ionisation cluster size in DNA segment and
nucleosome sized volumes was studied by means of Monte Carlo simulation using the
Geant4 Very Low Energy Extensions toolkit, Geant4-DNA [5]. The spatial distribution of

δ-electrons tracks were calculated in the presence of a uniform magnetic field of strength
ranging from 1T-10T to cover the range of magnetic fields used in MRI.

1.1

Radiobiology

Research investigating how cells respond to radiation has been fundamental in the
development of conventional radiotherapy techniques. However, there is still much that is
unknown about radiation interaction and the resultant cellular response on a nanoscopic
level.

Radiobiology is the study of the action of ionizing radiation on living things. The
interactions of ionising radiations with cells and the resultant biological consequences
have long been of interest to physicists and biologists alike. As such, early research into
the radiobiological ‘phenomenon’ consisted of much time spent irradiating different
species in order to observe the effect.

The first recorded biological effect of radiation was in the late 1800’s, when Becquerel
inadvertently left a radium container in his vest pocket, subsequently developing skin
erythema [6]. From these early beginnings stemmed the birth of radiobiology.
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An early milestone was reached in radiobiology in 1906 with the ‘Law of Bergonie and
Tribondeau’. [7]. The law which states; “The radiosensitivity of a tissue is directly
proportional to its reproductive capacity and inversely proportional to its degree of
differentiation” was the first to relate radiosensitivity to the metabolic state of a cell.

It was not long before the presence of oxygen was noted to influence the radiosensitivity
of vegetable seeds, this marked the first observation of the oxygen effect [8]. Later
Crabtree and Cramer postulated the importance of oxygen in radiotherapy after
observations that the presence of oxygen affected the radiosensitivity of tumour slices [9].

In 1927 experiments on rabbit testes by Regaud and Ferroux, [10] suggested the value of
fractionation in radiotherapy. The research of two physicists, Lea and Carlson, into the
biological actions of radiations marked a turning point in the field of Radiobiology.

Early work by Lea [11], on the actions of α-particles, β-rays, γ-rays and X-rays on bacteria,
concluded that ionisation was the dominant factor in cell killing, and produced the first
dose response survival curve for bacteria exposed to radiation. Through the collaboration
of Lea and Catchside it was proposed that the relationship between dose and biological
effect could be expressed in terms of a linear quadratic equation [12].

Significant contributions to radiobiology were also made through the work of Gray and
Read. Their studies on broad bean root found that they could increase radiosensitivity with
the presence of dissolved oxygen [13, 14] and as a result they measured the first Oxygen
Enhancement Ratio (OER) in 1940 (published 1952). They also demonstrated that cells
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undergoing cell division, Mitosis, were more sensitive to radiation than resting cells [15,
16].

Observation of the variation of cell radiosensitivity through the cell cycle was made by
Terasima and Tolmach [17] which explained the therapeutic ratio between healthy cells
and cancer cells, and that rapidly dividing cancer cells will be more sensitive to radiation
damage.

Puck and Markus [18] made a breakthrough in culturing single human cells observing with
the naked eye the capability of single cells to grow into large colonies and used this
technique to produce the first in vitro radiation survival curves for mammalian cells.
Hewitt and Wilson [19] followed measuring the first in vitro cell survival curve for tumour
cells.

Research by Barendsen recognised that there was a change in the shape of cell survival
curves for radiation types with different linear energy transfer (LET) [20]. Further research
showed that the Oxygen enhancement ratio was dependent on LET, and that oxygen had a
minimal effect for high-LET radiation. Hall and Bedford published the first demonstration
of the dose rate effect from their studies on cells in vitro [21].

The understanding of radiobiology and how cells respond to radiation is important in the
success and development of conventional radiotherapy techniques. Continued research into
this domain is paramount to developing improved ways to treat cancer and spare healthy
tissue.
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1.2

DNA Damage

Deoxyribonucleic acid (DNA) is a large molecule with a double-helix structure [22]. DNA
consists of two strands of repeated sugar-phosphate sub-units held together by hydrogen
bonds which compose the deoxyribose backbone to which the bases are chemically
bonded. DNA is made up of four bases, the sequence of which specifies genetic code. Two
of the bases belong to the pyrimidine group, these are thymine and cytosine. The other two
bases are purines; adenine and guanine. Each base pair is complimentary, adenine pairs
with thymine and guanine with cytosine.

The DNA is located in the nucleus of the cell folded into the chromosomes (Figure 1). The
fundamental packing unit is known as a nucleosome. Nucleosomes are subunits of
chromatin composed of a short length of DNA wrapped around a core of histone proteins.

There is strong circumstantial evidence that DNA is the principle target for biological
effects of radiation. As early as the 1940’s it was suggested that localised clusters of
ionisations were predominantly responsible for critical DNA damage [23]. Analysis from
Howard-Flanders in 1958 [24] indicated that the spatial extent of critical clusters extended
over a few nanometres, however this analysis was done without any assumptions as to the
molecular target or the relevance of DNA. In 1965 Hutchinson [25] discussed evidence of
correlations between cellular radiosensitivity and the quantity of DNA in a number of cell
lines, suggesting DNA as the radiosensitive macromolecule in living cells. Years later a
direct relationship was shown between radiation induced strand breaks and cell lethality in
several cells lines [26], providing conclusive evidence that cellular DNA was a critical
target for radiobiological effects [27]. The remaining cellular components have not proven
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to be openly vulnerable to ionising radiation. A great bulk of knowledge on cellular
response to radiation has come from in vitro cell culture studies the applicability of which
are subject to limitations.

Figure 1. The basic structure of a mitotic chromosome, showing the packing of DNA around histone proteins
to form nucleosome segments (Extract from Encyclopaedia Britannica Online, Merriam-Webster Inc)

Cellular response to radiation is dependent on the DNA damage repair mechanisms that
serve to maintain DNA integrity [28]. Radiation interacts with the cellular environment
depositing energy though ionisation and excitation of molecules. Secondary electrons and
free radicals are a result of these initial interactions and induce further ionisations and
excitations along their tracks. Studies with the use of free radical scavengers have
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suggested that in low-LET radiations free radicals can contribute as much as 70% of DNA
damage [29]. Interactions of radiation with cells has been shown to cause many different
types of molecular damage in DNA such as single strand breaks (SSB) and double strand
breaks (DSB), and simpler damage such as base damage of various types, and DNAprotein cross-links. SSB describe damage to one strand of the double helix where DSB are
two SSB occurring exactly opposite each other or in close proximity (Figure 2). DSB are
suggested to occur from small ionisation clusters within a single track [3]. Base damage
involves the alteration of DNA molecules. DNA-Protein cross-links are covalent linkages
formed between DNA bases and protein molecules. These simple damages may also lead
to strand breaks during repair. Although SSB arise more frequently that DSB it is evident
that DNA DSB has the greatest cell killing potential [30, 31]. As well as leading to disease
initiation and potential cell death, radiation may also induce cell cycle arrest; this is
activated by the cell to prevent cell growth during the repair process.

Goodhead proposed a model to explain the kinetics of cell killing with increasing radiation
dose. He identified DNA DSB of different severity, clustered or complex DNA damage [2,
3]. The idea of clustered damage was first introduced by Ward [32] as locally multiple
damaged sites (LMDS), which describes several DNA damage sites within close
proximity. This principle was introduced to account for the increase in cell lethality
induced by ionising radiation, which could not be explained fully by the number of DSB.
Clustered damage is defined as two or more elemental lesions induced within 1-2 turns of
the DNA helix (10-20 base pairs), by a single radiation track. Multiple ionisations
confined, on target, can cause clustered damage on DNA.
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Figure 2. Examples of radiation induced DNA lesions, single and complex. Damage to individual
nucleotides comprise missing or damaged bases and strand breaks [33]

It is widely assumed in the literature that single-strand breaks and base-damage are
sublethal lesions for cellular and genetic damage [3, 34]. Profiles of irradiated cells [26]
have shown that 95% of radiation induces SSB are repaired and thus do not lead to
permanent DNA damage [35]. An exception is those that are sufficiently close enough to
constitute a DSB. There is substantial evidence suggesting that clustered lesions on DNA
are less repairable [36-38] and therefore a major factor in producing biological effects [3,
39, 40]. Complex damage is harder for the cells to repair and hence is more likely to
stimulate apoptosis [2, 41, 42]. The frequency and complexity of clustered damage is
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dependent on the LET value of the radiation. With high-LET radiation up to 70% of DNA
DSB are of the complex type [43, 44].

The mammalian body has a remarkable ability to repair all types of radiation induced DNA
damage. However, the more complex the damage the lower the probability of error free
repair. Experimental observations have seen slow repair and a greater unrepaired residue of
DNA DSB from high-LET radiations [45]. When a DSB occurs many proteins attach to the
break in DNA. These proteins repair the DNA lesion and signal the presence of DNA
damage so the cell can activate the repair process. Cell growth is delayed until the damage
has been repaired [46]. There are additional factors which may influence the repairability
of the damage, these include the availability and access of repair enzymes [27, 47] and the
ability of the cell to recognise the damage [48, 49].

1.3

Track Structure and Relative Biological Effectiveness

Dosimetry in clinical radiation therapy is centralised around the concept of the
macroscopic absorbed dose in the target volume. Radiation deposits dose in a volume
though charged particles which undergo ionisation and excitation interactions with target
atoms and molecules. Resultant ions are localised around the trajectory of the charged
particle and make up its initial track. Reactions with these transient charged particles
eventually give rise to the chemical and biological effects of radiation. Studies on track
structure rely heavily on relating the size of energy deposited in volumes of DNA to the
production of DNA damage.
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There are various types of ionizing radiation including; alpha and beta particles, protons,
neutrons, gamma-rays and x-rays. Biological effects of radiation on the cell result from
both direct and indirect damage mechanisms. Direct effects are produced by the initial
action of the radiation itself and indirect effects are caused by the later chemical reactions
of free radicals and other radiation products such as secondary electrons. A large
proportion of energy is deposited as an indirect effect by secondary electrons by
ionizations and excitations, which therefore produce a major part of the damage.

The efficiency of radiation at producing biological damage can be described by its Relative
Biological Effectiveness (RBE). The RBE is defined as a ratio of doses for equal
biological effect relative to that of a reference beam of photons. The efficiency of radiation
at producing biological damage is dependent on the dose rate and energy and linear-energy
transfer of the radiation as well as biological factors such as the type of cell and its repair.

The concept of Linear Energy Transfer (LET) was first introduced by Zirke in 1940 [50]
and is widely used in radiotherapy to describe the quality of radiation. The linear energy
transfer is a measure of the rate at which radiation deposits energy into the medium per
unit distance of track length. High LET radiations such as α-particles, protons and
neutrons, lose energy over a short distance; depositing substantial amounts of energy by
densely ionizing tracks. Low LET radiations like X-rays or γ-rays distribute small amounts
of energy in tracks that can be distributed over a whole cell [34]. Factors noted to have an
influence on the cellular effects of the radiation damage of low-LET radiations include,
fractionation, oxygenation, sensitisers and protectors. However, these factors played little
role in the outcome of damage of high-LET radiations.
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Pioneering studies on the cellular effects of densely ionising radiations [20, 51, 52]
revealed that the RBE for cell killing, as with other biological endpoints, increases with
LET up to about 100-200 keV/µm. However, some particles with the same LET were
found to vary in their biological effectiveness depending on their velocity due to
differences in their detailed track structure [53, 54]. Hence, LET alone can not be used to
characterise the effectiveness of a radiation at inducing biological damage.

1.4

Clustered Damage

The significance of the relationship between the spatial distribution of damage and the
resultant biological consequences was recognised in the late 1970’s [32, 55-57]. This
challenged the theory of dual radiation proposed by Rossi and Kellerer in 1972 [58], which
explained radiation damage in terms of total energy deposited within a sensitive volume of
around 1µm. It was suggested not only that the spatial distribution of lesions was a key
determinant in biological response but it was also useful in describing the biological
effectiveness of the radiation. Goodhead et al published a series of papers [55-57, 59]
investigating effectiveness of various radiation qualities at inducing cell death and cell
mutations. Their results showed that the relative biological effectiveness of the radiation
can be related to its physical properties, such as spatial and temporal distributions of
energy deposition. The differences in quality of radiations in terms of spatial and temporal
distributions of interactions can be obtained as the absolute frequency of energy deposition
in the volume of interest. Such differences are elementary in determining the biological
response. However the spatial distributions of radiation interactions can only become
meaningful when the target volumes become sufficiently small. Studies [60, 61], have
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suggested that the RBE of radiation can be determined by the track structure over very
small microscopic dimensions of much less than 100nm.

There has been direct experimental evidence that initial damage from higher LET
radiations is qualitatively different to that from low-LET radiation [44, 61], proving that
densely ionising radiations are more effective per unit dose at causing biological damage.
From these facts it was suggested that the clustering of damage resulting from the spatial
distribution of energy deposition within the track is an important factor in determining
biological response. Furthermore, it was proposed [60, 62] that spatial clustering of
damage on DNA caused by densely ionising radiations and would be difficult for the cell
to repair, resulting in a higher likelihood of cell death.

A relevant feature of all radiation is the abundance of low-energy δ-electrons producing
tracks of numerous ionisations on a nanometre scale. Since LET increases with decreasing
electron energy, low energy electrons have a higher probability of producing ionisations on
the DNA scale then high energy electrons. It is known that when multiple ionisations occur
in close proximity on a DNA scale, the chance of biological damage for an absorbed dose
is increased [2, 3]. This is evidenced by an increasing yield of complex DNA damage with
increasing LET.

As evidence shows a strong correlation between DNA clustered damage and biological
effects, this report describes the biological effectiveness of radiation on a nanoscopic scale,
in terms of its potential to produce complex damage to DNA.
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1.4

Nanodosimetry

There have been many indications that the biological consequences of ionising radiations
are determined primarily by spatial distribution on a nanoscopic level. In the late 1970’s80’s a shift in microdosimetry led to the focus changing from microscopic dose deposition,
to clusters of ionisations in the order of nanometres, the scale of DNA. The quantity of
interest for nanodosimetry applications in radiation therapy is the frequency distribution of
ion clusters or energy deposition formed in the DNA-like volume. An ionisation cluster is
defined as a number of ionisations occurring within a sensitive volume representative of a
segment of double-stranded DNA. It has been hypothesised that large clusters, despite
being quite rare, are mainly responsible for irreparable damage, and therefore determine
the biological effectiveness of the radiation [2, 3, 62].

Early research in Nanodosimetry indicated critical properties lay in the region greater than
100 eV of energy depositions occurring within distance of 3nm [57]. Similarly, it was
found that the dominant feature associated with high-LET effects corresponded to large
clusters of energy greater than 340 eV in nucleosome size targets. Subsequent comparisons
have shown smaller clusters correlate well with measured yields of DNA DSB for soft xrays and alpha particles [61]. Goodhead pointed out the importance of clustered damage in
DNA in terms of leading to biological effects in cells [2, 3].

Absorbed dose is traditionally defined on a macroscopic level as energy deposited by
radiation within a volume of a given mass. This quantity does not take into account the
track structure of the ionising particles or the structure of radiosensitive sub-cellular
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targets. This, in turn does not give a clear indication of the biological effects of radiation
on a microscopic or nanoscopic level.

Experimental nanodosimetry provides a means for determining the distribution of radiation
induced ionisations on a DNA level, however dosimetry with nanometric spatial resolution
presents a challenge

[63]. Monte Carlo simulations play a fundamental role in

nanodosimetry.

The complexity of the radiation induced damage on a sub-cellular level has meant has
meant current knowledge on this topic comes almost entirely from Monte Carlo
simulations based on DNA models and cross section data for water vapour or liquid water.
Correlation has been found with the yields of ionisation clusters within 2-3 nm sites and
the yields observed for DSB [64]. Thus, present aims of nanodosimetry are to develop
methods applied for measuring the frequency distribution of ionisation cluster-size in
nanometric volumes comparable to segments of DNA and relate these quantities to
radiobiological effects.
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1.5

Monte Carlo Modelling

Monte Carlo (MC) techniques have proven invaluable in modelling electron and ion tracks
in various media. Monte Carlo generated track structure simulations are widely used in
predicting measurable biological parameters for comparison with experimental data. These
calculations have been useful in increasing understanding of the mechanisms of damage in
molecular radiobiology.

In recent years, low energy MC models have been used to identify the critical features of
radiation tracks in terms of the probability of energy deposition to predict the complexity
and frequency of radiation induced DNA damage [43, 65]. Radiation tracks have
traditionally been simulated in water as the primary medium due to its abundance in cells
and its role in the production of the free radicals critical to DNA damage. The results
obtained in MC track structure simulations depend on the details of the experimental cross
section data and the theoretical models used. There are however, current limitations on the
accuracy of the experimental input data when observing very low energy track structure.
MC simulations are especially sensitive to phase specific cross sections when modelling
down to the eV scale. At these energies physics processes are strongly dependent on the
electronic structure of the media [66].

The majority of experimental data for MC calculations have been measured in water
vapour. However material specific cross sectional data must be also be used as the
differences in the inelastic cross sections between the condensed and gas phase influence
track structure characteristics on a nanometre scale [39, 67]. When modelling interactions
at these sub-keV energies the differences in energy absorption and screening of charge
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need to be considered due to the high density of the condensed phase water relative to the
gas phase. However, material specific cross-sections for condensed matter systems such as
liquid water and DNA appropriate for low energy simulations are difficult to obtain.
Experimental measurements are challenging and their precision is limited. In the absence
of experimental data, theoretical approaches are used to determine the interaction cross
sections [68-70]. Nikjoo and colleagues [71] have presented a critical review comparing
experimental and theoretical outcomes of various MC codes in regard to the interaction
cross sections for electrons in water.

1.6

Proton Therapy

All technological advances in radiation oncology aim ultimately to improve the therapeutic
ratio for the patient, in other words maximising the dose to the tumour whilst minimising
the dose to normal tissue.

Protons are an efficient means of radiotherapy due to the shape of their dose distribution
and relatively small lateral spread as well as from biological phenomena resulting from the
high density of energy depositions.

As the protons traverse though matter they lose their energy primarily through the
ionisation and excitation of atoms. The particle exerts forces on atomic electrons and
imparts energy to them, the energy may be enough to knock the electron out of an atom
and thus ionise it, or it may leave the atom in an excited, non-ionised state.
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The maximum energy transferred ∆Emax , from an incident proton of kinetic energy EK to an
electron in a single collision is given by the classical relationship;

∆E max =

4m e M

(m e + M )

2

EK ≈ 4

me
EK
M

(1)

Where m e and M are the mass of the electron and the proton respectively, note that
M>> m e . Thus it can be seen that only a small fraction of the incident proton energy can
be transferred to an orbital electron in a single collision. The deflection of the proton in the
collision is negligible, thus it travels an almost straight path through matter losing energy
almost continuously in small amounts through collisions with atomic electrons, producing
an abundance of secondary electrons.

Figure 3 shows the single collision energy loss spectra calculated for 50eV and 150 eV
electrons and 1 MeV protons in liquid water. Charged particles with higher energies have a
higher probability of energy loss in the region from 10 – 70 eV.

20

Figure 3. Single collision energy loss spectra for 50 eV and 150 eV electrons and 1 MeV protons in liquid
water. Extract from [72]

In contrast to conventional photon radiations where the dose distribution in the patient is
primarily characterized by a small build up dose followed by a dose decline roughly
exponentially with depth, protons demonstrate a phenomenon known as the Bragg peak
(Figure 4). High energy protons deposit relatively little energy as they enter an absorbing
material but tend to deposit extremely large amounts of energy in a very narrow peak, the
Bragg peak, as they reach the end of their range.

The proton depth-dose distribution is therapeutically advantageous as a high dose of
radiation can be delivered to a tumour at depth whilst sparing the normal tissue, both
superficially and beyond the tumour (Figure 4). The depth and magnitude of the Bragg
peak is determined by the initial energy of the proton [73] (Figure 5). While the Bragg
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peak is extremely narrow for a monoenergetic proton beam, techniques allow the
moderation of the beam energy, changing the range of the incident protons. The layering of
a succession of Bragg peaks of varying intensity can result in the spreading of high dose
over a target volume at a specified depth; this produces the Spread Out Bragg Peak
(SOBP).

Spreading of the Bragg peak results in a lowering of the average LET over the SOBP, but
this LET is still much higher than for photons and also for the particles in the entrance
region of the beam (Figure 4). Protons have a dose distribution superior to that of photons,
leading to a therapeutic advantage, making them a favourable choice for radiotherapy.

Figure 4. Depth dose distributions for a Bragg peak, the layering of successive Bragg peaks to produce a
spread-out Bragg peak (SOBP), and a 10-MV photon beam. Sourced from [74]
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Figure 5. Representation of different depths of Bragg peaks for different initial proton energies. Each
distribution is normalised to 100% dose at maximum. Data from Francis H. Burr Proton Therapy Centre,
Massachusetts, Figure extracted from [75]

Damage to cells from proton irradiation is less dependent on cell cycle variation than with
photons, this is advantageous when treating slow growing tumours. A major advantage
with the use of high LET radiations for treatment is their increased efficiency in producing
cell kill and a variety of other biological phenomena.

The RBE of a proton beam is particularly complex as the RBE is a strong function of
position within the treatment beam [76, 77]. Studies have observed an increasing RBE in
the distal part of the SOBP [78]. It is current practice in the majority of centres to assume
an RBE value of 1.1 for protons (10% more effective than Co-60 γ-rays) [79].
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A rapid growth in the number of proton therapy facilities is expected over the next decade,
due to its treatment advantages [80]. Thus it is important to have a thorough understanding
of the capabilities of protons in terms of damage to DNA to take full advantage of this
growing technology. This involves understanding spatial distribution of damage on a
nanoscopic level to predict biological response.

1.7

Magnetic Field interaction with charged particles

A Magnetic Field (MF) interacts with charged particles via the Lorentz force. This force
bends the trajectory of the particle. For example; a particle with charge, q, mass, m, with
r
r
velocityν , travelling perpendicular to constant magnetic field B , will experience the

Lorentz force, described by classical relationship in equation (2). This force is
perpendicular to the particle velocity causing the particle to move in a circular motion with
a radius of curvature, R.

F = qνB = m

ν2
R

(2)

The radius of curvature of an electron trajectory from the Lorentz force decreases with
decreasing electron energy, and an increasing magnetic field strength.

R=

mν
qB
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(3)

As secondary electrons traverse a medium their paths are broken into multiple scattering
events. The mean free path of the electron is strongly dependent on energy. The Lorentz
force is always perpendicular to both the velocity of the particle and the magnetic field
(Figure 6).
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Figure 6. Motion of a charge particle with velocityν , in a magnetic field B .

Since the concept of Magneto-therapy was suggested [81] there has been a considerable
amount of research investigating the interaction of a magnetic field with charged particles.
Many groups have studied the possibility of using a magnetic field to influence the
distribution of absorbed dose though experimental and theoretical methods [82-84]. Much
of this research focuses on the effect of the magnetic field on the charged particle transport
and how this will influence the spatial distribution of dose. One of the first Monte Carlo
investigations in this area found that a 6T transverse magnetic field reduced the lateral
spread of electrons when applied to a 70MeV electron beam [85]. Using Monte Carlo
Bielajew demonstrated the confinement of lateral scattered electrons magnetic fields up to
20 T on photon and electron beams [83]. Monte Carlo has been widely used and has
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proved an invaluable tool for investigating magnetic field effects on radiotherapy beams
[82, 84].

Other therapeutic benefits of magnetic fields have been investigated. Nardi and Barnea
[86] found that skin sparing could be achieved when applying a 3 T uniform field to 15
MeV electrons. Furthermore a study [87] investigating transverse magnetic fields with
Monte Carlo found a magnetic field can not only reduce surface dose but can produce a
steeper dose fall off with depth. Studies by Li and colleagues [88] on the effect of a
magnetic field on photon beams found that different strength fields could create localised
regions of dose enhancements and dose reductions. A recent study using Geant4 Monte
Carlo methods with high spatial resolution (10µm) found that the absorbed dose to the
entry and exit regions of the body increased with an increasing magnetic field strength as
well as with an increasing spatial resolution [89]. These results suggest that there may be
some gain by simulating magnetic field effects on a microscopic or even nanoscopic level.

There is limited literature studying the effects of a magnetic field on the relative biological
effectiveness of radiation [90]. Whitmire et al

[91] studied the magnetic effects on

electron dose distribution and found that the magnetic field affected the electron depth
dose distribution, however postulated that the LET of a given electron along its track is
unaffected by the magnetic field as the electron mean free path is much less that the radius
of curvature. The biological effectiveness of a radiation at inducing damage is to a large
extent dependent on the localised patterns of energy deposition. Whitmire et al suggested
that a magnetic field may induce a change in the RBE of the radiation by causing the delta
rays produced along the particle track to be highly localised. Until recently there has been
no studies investigating the effects of a magnetic field on the nanoscopic level [89, 92].
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The application of a magnetic field does not alter the charged particle interaction cross
sections [83] and magnetic field interacting with delta electrons will have no macroscopic
dosimetric effect due to their sub-micron range. However, studies have shown that
irrespective of how large the radius of curvature is relative to the mean free path, the
electron trajectory over the entire track length is still affected [4]. This may lead to
localised clusters of energy deposition events. When these localised clusters of ionisations
occur on DNA, it is more difficult for the cell to repair the damage which may lead to an
enhancement of the biological effect of the radiation. Bug and colleagues [92] have
investigated the radiobiological implications of a magnetic field on low-energy secondary
electrons down to the electron Volt level using Geant4-DNA Monte Carlo simulations.
This study modelled the δ-electrons’ track structure from primary electrons incident on
DNA and a cell nucleosome. Bug et al’s work suggest the enhancement of biological
effectiveness of radiation due to a magnetic field was not necessarily due to the
modification of the δ-electrons’ track structure.

There have been few studies investigating the effect of magnetic field on proton beams.
Nardi and Schulte [93] used Monte Carlo simulations to investigate the use of a magnetic
field for lateral confinement of an 160 MeV proton beam but found that an appreciable
difference could only be achieved with fields greater than 50 T which is practically
infeasible. Raaymakers et al. found similar results when simulating the dosimetric effect of
a 3 Tesla magnetic field in order to investigate the safety of MRI-guided radiotherapy [94].
Considering the high particle mass and the high energy of the protons it is not unexpected
that the effect of a magnetic field is almost negligible in comparison with its effect on
MeV range electrons. Protons interacting with water produce a wide spectrum of δelectrons with energy less than approximately (4 m/M)Ep, (See Section 1.6, Equation 1)
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where m and M are electron and proton mass, respectively, , and Ep is the proton energy.
The ratio m/M is approximately 5×10-4. Bug et al. have demonstrated that the spectrum of

δ-electrons produced by protons close the Bragg peak are abundant with energies less than
10 keV [95]. There has been no research to date investigating the change in RBE of an
incident proton beam due to magnetic field interactions with these abundant δ-electrons.
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CHAPTER II

2

Experimental Evidence

Recent research has provided some evidence that a magnetic field may increase the
harmful effects of radiation on cells. It is hypothesised that a magnetic field increases the
biological effect by interacting with low energy δ-electrons. Many studies have shown a
magnetic field affects the tracks of secondary electrons, causing confinement of scattered
electrons and creating regions of dose enhancement and dose reduction [83, 86-89].

Preliminary in vitro cellular studies (unpublished to this date) at the Westmead Institute for
Cancer research (WICR) have found many cells show signs of increased radiation damage
when exposed to high strength magnetic fields whilst irradiated [96, 97]. These studies
measured a decrease in clonogenic survival for cells when exposed to 75kVp and 300kVp
X-rays in the presence of a localised 1.3T magnetic field compared to irradiation without
the magnetic field, (Figure 7).
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Figure 7. Comparison of NALM6 cell survival with 1.3T magnetic field present. Iirradiation performed with
75kV x-ray beam. [96]

Dose to the cells for this study was verified via thermoluminescent dosimetry [98] and film
dosimetry. A study by Chen et al investigated the possibility of increasing the RBE of
Cobalt-60 (Co-60) irradiation on yeast using a magnetic field of 0.78T [99]. This research
found the magnetic field decreased the cell survival by slightly less than 4%. This result
may be explained by the fact that Co-60 irradiation provides a lower fraction of low energy
electrons than 75kVp x-rays. Chen et al used MC simulations to verify the absorbed dose
to the yeast.

Studies investigating the electron spectrum produced by protons have found an abundance
of low energy electrons produced in water and water vapour [100-102]. Therefore if a
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magnetic field is capable of increasing the biological response via redistribution of low
energy electrons then this response will be maximised when low energy electrons are
abundant in biological matter. A magnetic field induced change in biological response has
been found in cells when irradiated by 75Vp x-rays. It is hypothesised that cells will
exhibit an increase in biological response when irradiated by protons in the presence of a
magnetic field as the spectra is abundant with low energy electrons, similar to the spectra
of low energy x-rays (Figure 8). This hypothesis is based on the assumption that the
increase in radiobiological effect in a magnetic field is due primarily to the redistribution
of δ-electrons on a nanoscopic level causing an increase in clustered damage to DNA.

Figure 8. Calculated δ-electron spectra, highlighting the abundance of low energy δ-electrons produced from
proton beams of energies from 5-100MeVp. Figure provided by A. Wroe from the Centre for Medical
Radiation Physics (CMRP), Wollongong, NSW, Australia and LLUMC , USA.
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However, one cannot rule out the effect that a magnetic field may have on the physical and
chemical processes occurring in a cellular environment during irradiation. These effects of
a magnetic field on biological processes such as damage signaling and repair have been
studied vastly.

Studies have shown that a magnetic field alone may increase the lifetime of free radicals
and lead to changes in chemical reaction rates. Work by Timmel et al report weak
magnetic fields applied to cells can boost the yield of free radicals and suppress
recombination by between 10% and 40% [103].

Most, but not all studies, have suggested that a magnetic field has no effect on the cell
growth rate. Capri et al reports human lymphocyte activation and proliferation are not
affected by exposures to 50 Hz, 2.5mT sinusoidal magnetic fields [104]. This is supported
by Aldinucci et al who exposed cells to a 4.75T static magnetic field and found no effect
on proliferation rates, or cell inflammation [105]. Conversely some studies have shown a
magnetic field to affect signaling between cells and induce changes in the cell cycle [106,
107]. Lazarakis studied the effect of a magnetic field on cell growth and found that a
magnetic field induced changes in hydrogen bonds [108].

Other investigations into changes in cell mutations in a magnetic field found effects to be
negligible. Ager and Radul [109] showed that 1mT magnetic field exposures alone or in
combination with various UVC exposures do not increase mutation or gene conversion.
Research by Zmyslony et al. has found the combination of a static 7mT magnetic field and
an oxidant, ferrous chloride, to increase the DNA damage to cells by 20% [110].
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Miyakoshi looked at the magnetic field effects on the frequency of micronuclei as an
indicator of DNA damage. His research found that a magnetic field alone has no effect on
DNA damage. However, further research found an increase in the DNA damage when Xirradiation is delivered followed immediately by exposure to a 10 T magnetic field [111].

These biological and chemical changes due to a magnetic field alone have been found
inconsequential regarding the changes in DNA mutations and cell survival and as such no
strong evidence exists to suggest that a magnetic field applied to cells causes a biological
effect measurable by endpoints of cell mutation or cell death.

Although there is measurable change in cell chemical structure and growth from a
magnetic field alone in terms of biological endpoints, it has been suggested [92, 108] that
with the additional presence of radiation, a magnetic field may change biological damage
mechanisms indirectly through alteration of the biochemical environment. The chemical
composition of the cellular environment plays a significant role in radiation damage, and
as such any changes in this may result in a change in radiobiological effects. Additionally
,it is well recognized that cell growth rates effect the sensitivity of a cell to radiation
damage [17] thus the evidence that a magnetic field can alter cell growth rates may also be
a mechanism influencing the biological effectiveness of radiation. It is feasible that the
observed magnetic field effects on the cellular environment combined with radiation may
alter the cellular response to cause the measurable increase on RBE seen in cellular studies
[96, 97]. However, it is likely that the mechanism of radiation damage on cells in a
magnetic field is due to a combination of both indirect effects of modification on cellular
processes and direct effects of a magnetic field on electron particle tracks.
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Further research is needed to find conclusive evidence of these mechanisms. A recent
Monte Carlo study looking at the effect of magnetic field with strengths of 1-14 T on the
structure of low energy electrons from initial electron irradiation, found no significant
change in ionization cluster sizes or energy distribution on a nanometric level [92].

This current study followed on from the work by Bug et al. The object of this thesis was to
investigate the possibility RBE enhancement due to the direct effect of a magnetic field on
low energy δ-electrons. The study aimed to model dose deposition on a nanometric level to
quantify any spatial redistribution of low energy electron tracks due to a magnetic field.
This research focused on the interaction of a magnetic field on the abundant electron
spectrum produced by therapeutic proton beams. The outcomes of this study were to
provide support to previous studies [92] or possible conflict, warranting further
investigation. In the present Monte Carlo study the possible indirect effects of magnetic
field at inducing biological and chemical changes were omitted from all models. These
effects may be included in the MC model in the future to give a more accurate model of
the processes at a nanoscopic level.
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CHAPTER III

3

Methodology

Modelling at a sub-cellular level involves simulating radiation tracks and atomic
interactions with a cellular environment on a nanoscopic scale. It is the aim of these
simulations to model the electron and ion tracks throughout the cell and predict the
complexity and frequency of radiation induced DNA damage based on radiation track
structure and dose deposition patterns.

3.1

Nanodosimetry

As typical dimensions of DNA are 10nm, it is not clear whether even microscopic dose
concepts are appropriate to describe nanometric radiation effects. To relate radiation track
structure to initial DNA damage then it is beneficial to describe the DNA damage in terms
of nanoscopic quantities.

The term nanodosimetry can be used to describe the study of energy deposition within a
nanometric volume for the purpose of quantifying initial DNA damage and consequently
relating these energy deposition distributions to biological effects [34, 43]. However not all
energy deposition events will lead to dissociation of a DNA molecule. There exists limited
data on the dissociation cross-sections of DNA molecules and as such nanodosimetric
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calculations are based on inelastic cross sections and the results are expressed in terms of
quantities such as, energy deposited in nanometric volumes. These quantities can in turn be
related to biological effects by comparison with data from biological studies. Alternatively
[112, 113] some researchers have used the term Nanodosimetry in a way that branches
away from the novel dosimetry concepts of ionisation and energy deposition toward that
based on track structure dependant quantities that are measurable under certain
experimental conditions. This methodology allows validation of Monte Carlo nanoscopic
simulation results with experimental data [112, 114, 115]. Although the latter method
assumes that the probability of ionisation in a target molecule is proportional to its
dissociation, data from simulations have been shown to correlate well with biological
experiments and thus can be related to radiobiological effects [115-117].

3.2

Ionisation cluster-size formation

Methods used in this research investigated the spectra of molecular damage by energy
deposited or individual ionisations and excitations, and the clustering of these events on a
nanoscopic scale, to predict biological effects. The methodology uses the probability
distribution Pv(Q) of ionisation cluster size, v to derive parameters to characterise a
specific radiation quality in terms of its unique track structure.

Ionisation cluster-size is defined as the number of ionisations produced by a primary
particle (including secondary electrons) within the target volume, which can be interpreted
as the superposition of the ionisation component of the particle track and the geometric
characteristics of the target volume [113].
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∞

∞

ν =0

ν =0

M ξ (Q) = ∑ν ξ Pν (Q) , with

∑ Pν (Q) = 1

(4)

Pv(Q) is the probability that exactly a number v of ionisation is produced by a primary
particle of radiation quality, Q. The moments of the distribution are characteristic of the
distribution and may strongly depend of the type and energy of the primary particle. The
first moment of the probability distribution M1(Q) is the mean cluster-size.

The yields of ionisation clusters in 2-3 nm sites have been found to correlate well with
observed yields of DNA DSB [64]. Grosswendt et a [116] have found good agreement
between the dependence of probability of cluster size v= 1 on radiation quality, Q, and the
yield of single strand breaks. He also found general agreement with data derived from
ionisation cluster-size distributions and those from highly sophisticated DNA models,
relating the probability of cluster-size v>2 to the yield of DSB. Additionally, Grosswendt
et al proposed that the cumulative probability, F2 of radiation quality, Q, to form at least
two ionisations is proportional to the probability of forming a DSB in a DNA segment.

∞

F2 = ∑ Pν (Q)

(5)

ν =2

Thus, suggesting it is reasonable to compare probabilities of cluster-size distributions with
radiobiological data for cells. Furthermore, Garty et al. used Grosswendt's theory and
determined the probability of an ionisation in a nanometric volume to cause a strand break
[118]. Based on the literature, the use of ionisation cluster-size distributions in nanometric
volumes of liquid water is a promising method for scaling radio-biological effects [119].
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CHAPTER IV

4

Geant4 Simulation toolkit

Geant4 is a toolkit for modelling the transport of particles through matter. Geant4 was
Monte Carlo system of choice for this research as it is open-source and a publicly
distributed system with physics functionalities compatible with nanodosimetry
applications. The application was developed using Geant4 release 9.2 ref 04. The program
was designed to model interaction processes of an incident proton beam and secondary
particles down to eV scale within a nanometric volume representing a DNA segment and
nucleosome. This required activation of the Geant4-DNA physics processes. The Geant4DNA Very Low Energy physics models were used to describe single scattering interactions
of electrons down to the eV-scale in liquid water. This functionality is critical to enable
study of the detailed track structure of low energy particles in a nanoscopic level. The
Geant4-DNA processes cover electrons of energies 8.23 eV – 1 MeV, and protons of
energies 1 keV – 10 MeV.

4.1

Geant4-DNA physics models

The Geant4-DNA extension is a component of the Low-energy Electromagnetic (EM)
package of the Geant4 Monte Carlo toolkit. GEANT4-DNA has capabilities to model
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realistic high resolution cellular geometries and allows the simulation of electron, proton,
hydrogen and α particle interactions down to the electronvolt scale in liquid water.

The Geant4-DNA processes explicitly simulate all interactions on a step-by-step basis in
order to precisely reconstruct track structures of ionising particles at nanometre scale, the
size of DNA. These processes include models of cross sections elastic scattering,
excitation, charge change and ionisation. All collisions are explicitly simulated as singlescattering interactions. This approach is suitable in nanodosimetry applications and studies
where detailed modelling of the structure of energy deposition as well as the production of
associated secondary particles are of high importance. This results in a high computational
demand due to a large number of interactions experienced by the particles before coming
to complete rest.

The physics models used in the DNA module are aimed at radiobiological applications,
however the software is designed in a general way that it can be applied to a wide scope of
physics applications in the field of microdosimetry. Each physics process involves the
calculation of its cross-section and the generation of the final state describing the
interaction products. This leads to the difficult task of providing accurate inelastic crosssections over the entire energy-loss range. Hard collisions are treated as binary processes
where the target electrons are either treated as free and at rest or the influence of binding is
roughly taken into account. To model the soft collisions (energy loss from 10-100eV), the
electronic properties of the target must be considered as the energy losses occur on a
magnitude comparable to electronic binding energies.
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4.1.1 Material Specific Cross-Sections

Scattering cross-sections in the condensed phase are anticipated to be different from those
in the gas phase due to the nature of Coulomb interactions. The issue of phase-effects on
the interaction of electrons in water has long been debated and is yet to be resolved.
Differences between gas-phase and condensed phase inelastic cross sections increase
rapidly at the sub-keV range. As such, material specific cross-sections are needed when
modelling transport of low-energy electrons. At low energies the electronic properties of
the target must be considered as the energy losses occur on a magnitude comparable to
electronic binding energies. Thus it is not viable to use inelastic approximations applicable
to high-energy MC codes for extrapolation to lower energies. Nikjoo et al [120] have
compared several popular high-energy models with dielectric calculations [121] to
calculate the total ionisation cross-sections. They found that large variations in ionisation
cross-sections exist between the models below a few keV (Figure 9). Material-specific
cross-sectional data, for low energy electron transport condensed matter systems, are
difficult to obtain through either theory or experiment alone.
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Figure 9. Total ionization cross-sections for liquid water in units of inverse mean free path (IMFP) as a
function of energy. The properties of liquid water were used in all calculations. Extract from [120].

4.1.2 Inelastic Electron Scattering Cross-Sections

The dielectric-response function is quantity governing many material specific properties
and can be used to determine electron inelastic scattering cross-sections used for input into
track structure calculations.

The electron ionisation and excitation model available in Geant4-DNA is based on the first
Born approximation (FBA) using optical data [122]. The Born theory is applicable for
relatively high impact energies but approximations used at high energies to determine
inelastic scattering cross-sections are inappropriate for use at the sub-keV range. Thus in
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Geant4-DNA the FBA models have semi empirical corrections for low energies following
the dielectric formalism developed by Emfietzoglou and Moscovitch [70, 123]. These
corrections are applicable at sub-keV energies. They account for further perturbation
effects caused by the kinetic energies of the target’s electron which includes the potential
energy gained by the incident electron in the field of the target molecule. This model is
valid for the electron energy range of 7.5 eV-1 MeV.

4.1.3 Elastic Electron Scattering Cross-Sections

Modelling electron elastic scattering at very low energies is a theoretical challenge.
Implementation of this process requires a single model for the calculation of the cross
section and two complimentary models for the final state generation.

The Geant4-DNA derives the angular distribution for electron scattering from two models;
the screened Rutherford theory for energies above 200eV and the semi-empirical Brenner
and Zaider formula for below 200eV [124]. The total cross section is calculated from the
integrated screened Rutherford formula; which has been validated down to a few eVs.

4.1.4 Proton Cross-Sections

The Geant4-DNA extension has models available for excitation, ionisation, and charge
decrease for protons. The total ionisation cross sections in the energy range 500 keV 10MeV are determined using the Born Ionisation model. The “Born Model” is applicable
to fast incident protons and it used the Born and Bethe theories and the dielectric
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formalism for liquid water. When the particle velocity becomes comparable to the velocity
of the electrons on the target atoms the FBA becomes inapplicable.

Protons with energies 100eV-500 keV are based on the “Rudd” ionisation model [125,
126]. This model is based on semi empirical approach to account for the deviation from
the Born theory. The parameters used in this model were obtained from water vapour but
were modified to apply to the liquid phase. Similarly the excitation model was based on
the work of Dingfelder et al [125]. This method involves calculating the excitation using a
speed scaling of electron excitation cross sections for low energies. This method is socalled “Miller and Green” for energies below 500 keV [127] and based on Born and Bethe
theories above 500 keV. The generation of the energy spectrum of secondary electrons is
based on a model of Rudd [128, 129].

Chauvie et al have presented comprehensive reports describing the software design and
physics models in the Geant4-DNA extension [99, 130].

4.2

Geant4-DNA Model Validation

The calculations of cross sectional data are based on approximations, assumptions and
semi-empirical models [123, 131] [125-127, 129]. Validation of these models is difficult as
there is a critical lack of experimental data on liquid water. However, Geant4-DNA models
have been validated through comparison with available experimental data and other
theoretical models [124, 132-135]. In experimental comparisons, proportional counters are
used to simulate a microdosimetric volume and are able to measure the number of
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ionisations and lineal energy through such volumes. They are usually built in a spherical
form simulating a diameter of 1-3µm thus is it possible to use these experimental results to
verify the accuracy of MC microdosimetry simulations. Validation of the Geant4-DNA
physics models can also be performed by comparison with an alternative Monte Carlo
code developed for similar nanoscopic applications.

Francis et al tested the validity of the Geant4-DNA package for microdosimetry studies
[135]. Results of this work found good agreement for electron ranges and proton energy
deposits in nanometric volumes when comparing Geant4-DNA to an alternative MC code
(TRIOL) and experimental data. A recent publication investigated the plausibility of
Geant4-DNA software implementation [134]. This study performed a quantitative
comparison between simulation results and published experimental data obtained in the
vapour phase. Comparison of the elastic scattering total cross-section found good
agreement between Geant4-DNA models and measured data. However, some
discrepancies were observed in the angular distributions.

Incerti et al found overall good agreement between Geant4-DNA and experimental
references for the differential cross-sections for ionisation for energies above 10eV. They
found the differential cross-section for ionisation by protons to be within reasonable
agreement with experimental data. For a full quantitative analysis of the microdosimetry
models, results from measurements in liquid water are required.

Assessment of Geant4-DNA capability for nanodosimetric applications has been
performed in previous studies [95]. Bug et al investigated a range of initial electron
energies comparing the range, and the mean ionisation cluster size and probability
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distribution of ionisation cluster size in nanometric volumes. Results of this work found
good correlation between Geant4-DNA and PTB Monte Carlo code for smaller cluster
sizes. There was some deviation found between the two codes which were most likely due
to the use of different interaction cross-sections between the two codes. This uncertainty
was considered in the results.

4.3

Simulation Design

The DNA segment was modelled as a water cylinder of 2.3 nm diameter and 3.4 nm in
height. This volume corresponds to a DNA segment consisting of 10 base pairs. The DNA
segment is encompassed in another cylindrical volume of dimensions 6 x 10 nm in
diameter and height respectively. The latter volume is the equivalent size to represent a cell
nucleosome or a volume in which hydroxyl radicals can reach DNA by diffusion [136].
The sensitive volume was surrounded by a water volume of a cube of 150nm in edge
length, supplementing the ‘world’ volume.

This simplified model of DNA structures was adopted based on previous studies and has
been used for studying the cluster-size formation from low-energy electrons in nanometric
targets [34, 92, 137] Based on literature the target geometry was considered to be a good
approximation of a DNA segment in terms of ionisation yield and DNA strand breaks
[136]. This geometry is considered is suitable for correlating results with radiobiological
effects on a DNA level. The ionisation cluster-size formation is used to evaluate the unique
track structure of a specific radiation quality, and can be used to predict yields of DNA
strand breaks [64, 118].
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The radiation field was simulated as a monoenergetic pencil proton beam. The particles
were incident on the surface of the DNA segment, perpendicular to the cylinders main
axis, crossing this at half its height, see Figure 2. The incident energy of the proton beam
was varied from 1 keV up to 9MeV representing the variation of energies present in a
therapeutic proton with depth. This was important to test the proton beam over its range of
biological effectiveness as the RBE of a proton beam has been shown to vary with depth
[138].

On average it takes about 22eV to produce a secondary electron in liquid water, thus high
energy protons interacting with water produce these in abundance (Figure 8). These
secondary electrons cause additional ionisations as they lose energy and slow down, until
all liberated electrons reach energies in the eV range. All secondary electrons are
transported in the calculation until their energies fall below the threshold of 8.23eV, the
lower energy limit of the Geant4-DNA scattering models.
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Figure 10. Geometric set up for Nucleosome and DNA segment embedded in a water volume for Monte
Carlo simulations. The direction of the magnetic field is in the y-direction and the protons are incident on the
surface of the DNA segment in the x-direction.
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A uniform magnetic field was applied along the y-axis to bend the electrons in the zdirection (see figure 10). The magnetic field strength was varied iteratively from 0-10
Tesla. 103 incident protons were tracked per simulation. The simulation records the
ionization cluster size, the energy deposition, and the position of interaction, derived from
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ionization and excitation events per primary particle track. These parameters were
computed for a range of initial proton energies and an increasing magnetic field strength.

4.4

Computational requirements

Due to the large computational requirement of the Geant4-DNA simulation, simulations
were run through collaboration with the Queensland University of Technology (QUT) via
remote access to the University High Performance Computer, SGI XE Cluster. The cluster
runs on the open source Linux distribution SUSE. It enables the processing of large
amounts of data with a total of 404 64bit Intel Xeon processor cores running at 2.33 2.8GHz, and a total of 940 GB of RAM.
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CHAPTER V

5 Results and Discussion

Radiation interactions of incident protons and their secondary charged particles were
modelled in nanoscopic liquid water volumes. These volumes were designed to mimic a
DNA segment and nucleosome in order to study ionisation cluster size distributions and
the effect of a magnetic field on a nanoscopic level.

5.1

Ionisation Cluster Size Distribution

The cluster size distributions were determined for initial proton energies ranging from 1
keV – 9 MeV. The megavoltage energies are particularly essential to understand the
damage in the critical, distal part of the Bragg peak in clinical beams.

The results from these MC simulations produced ionisation cluster size distributions in the
DNA segment and nucleosome, represented in Figure 12 and Figure 13 for the DNA
segment and nucleosome volumes respectively.
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Equation 1 (Sect. 1.6) shows the correlation between the initial proton energy and the
maximum energy transferred to an electron in a collision. Figure 11 shows the interaction
cross sections of electrons in liquid water, due to elastic and inelastic interactions at
various energies. At about 100eV electrons lose a large amount of their energy through
both excitations and ionisations in DNA. However, as the electron energy decreases the
binding energy of the atomic electrons becomes more important, and the electrons are
more likely to lose energy in excitation than ionisation.

Simulation results found the highest probability of large cluster size formation was for
incident proton energies of 80 keV. Incident protons with energies of 80 keV interact to
create a spectrum of δ-electrons with a maximum energy of approximately 170 eV (Eq. 1).
From Figure 11, one can approximate the mean free paths of the δ-electrons (E<170 eV) as
less than or equal to the DNA segment dimensions. Additionally, electrons with energies in
this spectrum undergo ionisation and elastic scattering with comparable probabilities [72]
and both interactions are considerably more probable than excitation. This consequently
leads to larger ionisation clusters in the DNA segment.
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Figure 11. Inelastic, elastic and total interaction cross section in liquid water for varying electron energies.
Extract from [72].

The range of an 80 keV proton is much greater than the DNA and nucleosome size and
thus the primary particle will interact and produce an abundance of δ-electrons along its
track, thus larger clusters are also produced in the nucleosome.

Results also show that protons with an initial energy of 20 keV form clusters of 2-3
ionisations with a high probability in both the DNA segment (Fig.12a) and the nucleosome
(Fig. 13a). The δ-electrons produced from a 20 keV primary proton will have energies less
than 50eV. The original secondary electrons will have a range of less than 3nm, and thus
comparable to the DNA target size. The total mean free path of 50eV electrons in water is

51

about 0.4nm and is dominated by elastic scattering events. However, elastic scattering does
not contribute to the energy loss. The electrons undergo almost a random diffusion
changing direction through frequent elastic collisions without energy loss, the occasional
inelastic excitation or ionisation will significantly reduce the energy of the electron. When
the electron reaches energies below the threshold of 8.23eV, the electron is assumed to
react chemically with water molecules or become hydrated. The residual energy of the δelectron is treated as local energy deposition.

Similarly one can see that higher proton energies, such as 400 and 800 keV in Fig. 12 (b)
and 13 (b), express a high probability of small cluster formation (sizes < 4), and a
significantly decreased probability of forming large cluster sizes. The incident proton will
cause a dense formation of reactants along its path. However an initial proton with energy
of 400 keV will produce a secondary electron spectrum with a maximum energy of
approximately 850eV. Additionally, the secondary electron spectrum from an 800 keV
proton will have energies less than around 1.8 keV. This suggests, using cross section data
from figure 11, that the inelastic mean free path of the secondary electrons in both these
situations will be slightly greater than, or equal to the dimensions of the DNA segment.
This leads to an increased probability of only small ionisation clusters occurring in the
DNA segment. The range of electrons of these energies exceeds the size of the nucleosome
and hence energy will be deposited away from the initial interaction site, both inside and
outside the target volumes.

Comparing the 400 keV and 800 keV curves in the DNA segment, in figure 12 (b), and the
nucleosome, in figure 13 (b), it is seen that the nucleosome shows a higher probability for
formation of larger ionisation clusters. This is due to the larger dimensions of the
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nucleosome, which is greater than the mean free path of the δ-electrons, as well as
interactions from electrons backscattered from outside the nucleosome volume.

The mean ionisation cluster sizes M1(Q) of these probability distributions, Pv(Q) are
described in the next section (Sect.5.2).
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Figure 12. Ionisation cluster size distributions Pv(Q) in DNA segment sized volume of liquid water for
incident proton energies of, (a) 10, 20, 50 and 80 keV, and (b) 80, 200, 400 and 800 keV.
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Figure 13. Ionisation cluster size distributions Pv(Q) in a nucleosome sized volume of liquid water for
incident proton energies of, (a) 10, 20, 50 and 80 keV, and (b) 80, 200, 400 and 800 keV.
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5.2

Mean Ionisation Cluster size, M1(Q) of Pv(Q)

The hypothesis underlying the biological significance of clustered damage is that the more
complex the damage to DNA the more difficult it is to repair and the more likely to is to
lead to permanent consequences [56]. Therefore in this section we examine the influence
of a magnetic field on the spatial distribution of ionisations in order to evaluate its
radiobiological significance.

Nikjoo et al (1977) studied the role of low energy electrons in DNA damage and how
clusters of energy deposition of ~100eV in DNA volumes correlate with DSB yields for
different radiation types and that a DSB is likely to occur from 5 ionisations in one DNA
segment [136]. Additionally results from Geant4 simulations show a similar relationship
between energy deposited in a DNA segment and the ionisation cluster sizes which is
correlated with DSB. The frequency distributions of ionisation cluster size and energy
deposition in nanoscopic volumes were calculated for various proton energies.

Figure 14 shows the calculated mean ionisation cluster size M1(Q) (see Eq. 4, Sect. 3.2)
expressed as a function of initial proton energy. Figure 15 displays the corresponding mean
energy deposition in DNA as a function of proton energy.

For visual purposes Figure 16 represents the mean ionisation cluster size with decreasing
proton energy on the abscissa. These distributions show similar characteristics to the
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experimental monoenergetic proton dose deposition with depth due to decreasing proton
energy, the so named Bragg Peak (See section 1.6 Fig 5). The curve shows fairly constant
small ionisation cluster sizes at high energies with a steep increase correlating with low
energy (high-LET) protons. This gives an example of how Geant4 simulation results of
ionisation cluster sizes and energy deposited on a DNA or nuclesome level can be related
to radiobiological effects.

Figure 14 . Mean ionisation cluster size with respect to initial proton energy for the DNA segment and
nucleosome calculated by Geant4 MC code.
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Figure 15. Mean energy deposited in DNA with respect to initial proton energy as calculated by Geant4 MC
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Figure 16. (a) Variation in mean ionisation cluster size in DNA and (b) DNA Nucleosome, for decreasing
proton energy from 9MeV down to 1 keV.
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The largest mean cluster size is achieved at the incident proton energy of 80 keV, for both
the DNA and nucleosome targets, with the mean cluster size decreasing for proton energies
higher and lower than this value. As the initial proton energy increases beyond this energy
the mean energy of the secondary electrons increase such that they have an increased range
and a lower LET causing less ionisation to occur within the target volume, resulting in a
higher probability for small cluster formation as explained in section 5.1, resulting in
smaller mean cluster sizes.

5.3

Magnetic Field Effect on M1(Q)

Geant4 was used to calculate the probability distributions of cluster size, Pv(Q),

in

nanoscopic target volumes, when irradiated in the presence of a magnetic field. The mean
ionisation cluster size, M1(Q) and its variance [M2(Q)- M1(Q)2 ] is used to characterise the
distribution, for each magnetic field intensity. The simulations were performed with
magnetic field strengths varying from 1 to 10 Tesla, during monoenergetic proton
irradiation with initial kinetic energies in the range 1 keV – 9 MeV. In Figures 17-31 the
mean ionisation cluster sizes, M1(B) for each magnetic field strength, B, are normalised to
the mean cluster size measured in the absence of magnetic field, B=0, i.e. M1(B)/M1(0)

Figure 17 shows the variation in mean ionisation cluster size distribution, M1(B) with
increasing magnetic field for 5 keV initial protons. Electrons produced from 5 keV
protons have a energy slightly above the 8.23eV cut-off threshold, below which the
electrons are no longer tracked. It is possible that at these energies the magnetic field may
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have a dominant effect due the small radius of curvature compared to higher energies. For
example a 10eV electron in a 5T magnetic field has a radius of curvature of around 7 µm,
however at this energy the cross section of ionisation is extremely low with respect to
excitation and elastic scattering. Thus if there is a magnetic field effect on very low energy
(energy < ~ 8 eV) electrons trajectory it may not be consequential in terms of ionisation
cluster size.

Figures 17-30. Mean Ionisation cluster size distribution, M1(B) for initial protons energies 5 keV – 9MeV,
with respect to applied Magnetic field, B(T). Mean cluster sizes with varying magnetic field strength are
normalised to the mean cluster size measured in the absence of magnetic field, i.e. B=0.
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Figure 18.
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Figure 19.
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Figure 20.
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Figure 21.
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Figure 22.
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Figure 23.
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Figure 24.
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Figure 25.

800 keV protons
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Figure 26.
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Figure 27.
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Figure 28.
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Figure 29.
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Figure 30.

9 MeV protons
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Figures 21 and 22 represent the mean ionisation cluster size distributions for 80 and 100
keV protons respectively. 80 keV protons were found to have the highest probability of
large cluster size formation in both the DNA segment and the nucleosome (Figure 12, 13).
Thus the effect of the magnetic field on cluster size could potentially have a large effect at
this energy.

Figures 18-30 shows the mean ionisation cluster size per event with different magnetic
field strengths applied for different initial proton energies. All of the mean ionisation
cluster sizes for each magnetic field are normalised to the reference mean cluster size
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determined with no magnetic field present. The statistical analysis on the calculated mean
cluster size was performed to asses the significance of the variance of the mean cluster
size. Due to the approximate normal behaviour of the cluster size probability distribution,
the uncertainty was determined using the standard deviation of the mean cluster M1(Q)
size in each probability distribution Pv(Q), determined from the variance, [M2(Q)- M1(Q)2]
and expressed as the standard error of the mean (68% confidence interval).

Similar results were seen for all the energies simulated. For the majority of energies and
magnetic field strengths simulated, the mean ionisation cluster size M1 (Q) is not seen to
vary from the reference (B=0 Tesla) by more than 5%. The small fluctuations in mean
cluster size showed no dependence on magnetic field strength and were within the
statistical uncertainties of the data.

The exclusion from this was seen for initial proton energies of 5 and 6 MeV (Fig. 27, 28).
Although no specific pattern with increasing magnetic field is observed, the mean
ionisation cluster size in the nucleosome volume for magnetic field strengths of 3,7 and 10
Tesla are generally smaller that those produced with no magnetic field applied. The mean
cluster sizes at the aforementioned points deviate from that with no magnetic field between
5.8-6.6%. This value lies outside the uncertainty expressed by the standard error. This
decrease in cluster size is seen in the nucleosome only it would not translate to result in a
change in biological consequences. In Figure 27 showing results from 5 MeV protons, a
slight increase in cluster-size can be seen for 3 and 5T magnetic field strengths. These
variations lie slightly outside the uncertainty. These outliers in the results exhibit no
dependence on magnetic field strength and as such their significance is questionable and
warrants further investigation.
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All other results were consistent in exhibiting no change in the cluster size distributions in
the DNA segment as the strength of the transverse magnetic field was increased up to 10
Tesla. This suggests that a magnetic field does not significantly influence the
nanodosimetric distribution of δ-electrons such that the ionisation cluster size is changed.
These results agree with those shown in similar experiments using Geant4 MC with an
initial electron beam [92].
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CHAPTER VI

6

Conclusion

While the results obtained in this work imply that magnetic field has no substantial effect
on the ionisation cluster size distribution, one must consider that these simulations only
take into account direct interactions of δ-electron tracks within the DNA segment and
nucleosome volumes. The simulation did not explicitly take into account the
complementary effects of water radicals and in particular hydroxyl radicals generated by
the ionisations and excitations around the DNA (In Geant4 Very Low Energy extensions
version 9.2.ref04 free radicals are created but not tracked). As such these results do not
rule the possible effect of magnetic field on other mechanisms of DNA damage.
Additionally or alternatively to damage mechanisms other processes may be involved
causing the observed biological enhancement in a magnetic field as observed in cellular
assays. These observations could be due to magnetic field influence on cell damage
signalling or repair mechanisms. Literature exists investigating some of the above
hypothesis, however no concrete evidence exists as yet to suggest the mechanisms by
which or the extent of the effect a magnetic field can increase the RBE of radiation.

Further investigation into magnetic field effects on the physical, chemical and biological
processes of the cells and repair signalling is essential to finding conclusive evidence of
the mechanisms of biological enhancement in a magnetic field. This may be done using
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specific simulation codes devoted to the study of the physical and chemical processes of
radical species generated the DNA environment

Future experimental measurements of cell survival in proton irradiation when exposed to a
magnetic field should be conducted in a very controlled experimental environment. These
measurements are currently performed at the PTB Institute in Germany.

In conclusion, MC simulations performed found no evidence that transverse magnetic
fields in proton irradiation cause spatial redistribution of secondary electron tracks as
measurable by a change in ionisation cluster size. Consequently, the study of the effect of a
magnetic field on the proton RBE is still under development and at this point it is not
possible to draw a final conclusion.
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